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Abstract 
Ultrasonically assisted turning (UAT) is an advanced machining technique, in which vibration with frequency in excess of 20 kHz 
is superimposed on the cutting tool’s movement. This novel machining technique has been shown to result in a multi-fold reduction 
in cutting forces with a concomitant improvement in surface finish in processing of modern alloys. Hot machining, in which a 
metallic workpiece material is softened by the application of an external heat source, was used in the past to reduce cutting forces in 
the processing of hard-to-cut materials. 
In this work, a new hybrid machining technique called Hot Ultrasonically Assisted Turning (HUAT) is introduced for the 
machining of a β-Ti alloy. In this technique, UAT is combined with hot machining to achieve combined advantages of both 
techniques in machining of intractable alloys. The benefits of HUAT are demonstrated in terms of reduction in cutting forces and 
improvement in surface finish. 
 
© 2012 Published by Elsevier BV. Selection and/or peer-review under responsibility of Prof. Dr. Konrad Wegener 
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1. Introduction 
Components that require high strength, light weight, 
and high resistance to an aggressive environment are 
often made of Ti alloys. As a result, application of Ti-
alloys in aerospace and aviation sectors have increased 
multi-fold in recent times. However, titanium alloys are 
difficult to machine owing to several inherent properties 
of such materials. These alloys have low thermal 
conductivity, which impedes heat transfer out of the 
cutting zone generating there high temperatures during 
the cutting process thus reducing tool life. Also, these 
alloys are chemically reactive with almost all cutting 
tool materials, impairing machinability of these alloys. 
Thus, conventional machining of Ti alloys often proves 
to be uneconomical [1, 2]. 
Several techniques to improve machinability of Ti-
alloys have been proposed in the literature that involve 
the use of coolants such as LN2 [3], laser assisted 
machining [4] and electrical discharge machining [5] 
amongst others. Noteworthy is also a novel hybrid 
machining technique known as ultrasonically assisted 
turning (UAT), in which up to 20000 low-energy vibro-
impacts are superimposed in the cutting direction on a 
movement of a conventional cutting tool  every second 
during the machining process (Fig. 1). This machining 
technique offers significant improvements in processing 
of modern alloys by reducing the cutting forces 
considerably and improving the surface finish of the 
machined workpiece [6-10]. Over the years a state-of-
the-art experimental setup for UAT has been developed 
at Loughborough University, UK. Additionally, 
predictive numerical models of orthogonal turning have 
been developed to verify the experimental results [6-10]. 
In the past, several researchers have successfully 
demonstrated the advantages of ‘hot machining’, where 
the workpiece material was pre-heated to improve its 
machinability [1, 4]. The underlying principle behind 
this technique is based on temperature-dependence of 
shear strength of high-strength alloys; therefore, applied 
heat softens the workpiece material thus improving 
material removal [4, 6]. Various types of localized and 
bulk heating sources were used in the literature for 
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thermal softening of the workpiece materials in hot 
machining [6, 11-13].  
 
 
Fig. 1. Principal vibration directions in ultrasonically assisted 
machining 
In this study, both UAT and hot machining 
techniques were combined to develop a novel hybrid 
machining technique called Hot Ultrasonically Assisted 
Turning (HUAT). The main purpose of the study is to 
demonstrate the advantages of the above two processes 
when they are used in combination with each other. For 
heating of a machined workpiece, a band resistance 
heater was used to heat up the specimen to the required 
temperature. The cutting forces and surface roughness of 
the machined workpiece is analysed in the current work 
for various cutting conditions. 
2. Experimental Analysis  
The HUAT experimental setup consists of a 
customized Harrison 300 lathe, a custom-built ultrasonic 
transducer fixed to a wave-guide, a force measurement 
system, a band resistance heater, a temperature-
measurement and data acquisition systems, charge 
amplifiers and A/D converter. The schematic diagram of 
experimental setup is shown in Fig. 2. Cutting tests were 
performed for conventional turning (CT), hot 
conventional turning (HCT), UAT and HUAT, and each 
experiment was repeated at least five times to get a good 
statistical data.  
2.1. Turning Tests 
To measure cutting forces, the ultrasonic head 
assembly was fixed to a three-component Kistler 
dynamometer (KIAG-SWISS Type-9257A), used to 
record the cutting forces. The dynamometers have a 
sensitivity of ±0.1 N and can measure the three 
components of forceܨ௫, ܨ௬ and ܨ௭ in turning. The data-
acquisition system yields an average of the force over a 
large number of ultrasonic vibrations as recorded from 
the dynamometer. Furthermore, an adequate insulation 
was used between the custom-built tool-holder and 
dynamometer to shield electrical disturbances, generated 
during machining operations. 
For bulk heating of the workpiece material, a band-
resistance heater, encapsulating the workpiece, was used 
to heat up the workpiece to the required temperature 
(300°C ±10°C). The 1.1 kW heater is capable of heating 
the workpiece up to 600°C. However, in the current 
study, the workpiece was heated to a temperature of 
300°C. A teflon coated, calibrated K-type thermocouple 
and a FLIR E45 thermal camera was used to measure the 
temperature of the workpiece during the hot machining. 
The diameter of the thermocouple is 127 μm and it can 
measure temperature up to 1200°C. A 4-channel K-type 
thermometer HHM290/N was used to record the 
measured temperature values. The thermal camera 
records at a frequency of 50 Hz, has thermal sensitivity 
of 0.1°C at 25°C. Its operating temperature range is from 
-15°C to 50°C, resolution of 120×160 pixels and it can 
measure temperatures up to 900°C. The ThermaCAM® 
QuickView™ software was used to analyse the data of 
the FLIR E45 system. A typical temperature distribution 
of the workpiece at 200°C in hot machining is shown in 
Fig. 3. Additionally, a micrometric dial gauge was used 
to ensure an accurate depth of cut in experiments.  
 
 
Fig. 2. Schematic diagram of experimental setup in hot ultrasonically 
assisted turning 
2.2. Surface Roughness Measurements 
The Zygo® interferometry instrument NewViewTM 
5000 series was used for surface topology analysis of the 
machined workpiece. It characterizes and quantifies 
surface roughness, step heights, critical dimensions and 
other topographical features with excellent precision and 
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accuracy. All measurements were non-destructive, fast 
and required no sample preparation. The system 
provides graphical images and high-resolution numerical 
analysis to accurately characterize the surface structure 
of test parts. A round Ti15V3Cr3Al3Sn bar, having a 
length of 500 mm and diameter of 68 mm was turned on 
a lathe machine. The ingot bar was mounted on the lathe 
and the eccentricity was adjusted with the help of 
mechanical dial gauge. Conventional and assisted 
turning experiments were carried out on the workpiece 
for a length of 10 mm in the feed direction (X- axis in 
Fig. 1) and surface analysis was carried out for various 
zones (Fig. 4). 
 
 
Fig. 3. Infra-red image of workpiece in hot machining at 200oC 
 
 
Fig. 4. Sample for surface roughness analysis 
2.3. Workpiece and Cutting Tool Materials 
A solution treated and aged, Ti-15V3Cr3Al3Sn alloy 
ingot bar having an initial diameter of 68 mm and length 
500 mm was used in the experiments. The material was 
annealed at 790°C for 30 minutes followed by air 
cooling, resulting in the solution-treated state consisting 
of β-phase. Tables 1 and 2 show chemical composition 
and material properties of the workpiece, respectively. 
Cemented carbide inserts (DNMG-150608 supplied 
by Seco) were used in the experiments. The tools have a 
coating of a ceramic layer of titanium-aluminium-nitride 
over a layer of titanium-nitride (CP500). Details of the 
cutting insert are listed in Table 3. 
Table 1. Chemical composition of Ti15V3Cr3Al3Sn [wt. %] 
Ti Al Cr Sn V 
~75.52 1.57 2.45 3.07 17.39 
Table 2. Material properties of Ti15V3Cr3Al3Sn 
Young’s Modulus, E [GPa] 87 
Yield Strength, ߪ௬ [MPa] 558.85 
Density, ρ  [kg/m3] 4900 
Co-efficient of thermal expansion, ߙ [K-1] 8.4×10-6 
Specific heat, ܥ௣ [J/g-oC] 0.6 
Thermal conductivity, ܭ [W/K m] 8.08 
Table 3. Properties of cutting inserts 
DNMG 150608 MF1 CP500 
Tool maker SECO 
Tool material Micro-grain cemented carbide 
Coating (Ti,Al)N-TiN 
Tool nose radius, ݎ௡ (mm) 0.8 
Nose angle (degree) 55 
2.4. Cutting Conditions 
The cutting conditions used in the experiments are 
presented in Table 4. Experiments were carried out for 
CT, HCT, UAT and HUAT for various depths of cut and 
cutting forces, imposed on the cutting tool, were 
measured. A relatively low feed rate ሺݐሻ of 0.1 mm/rev 
was used in the experiments to allow high-precision 
machining operations. The experiments were carried out 
at room temperature and several selected elevated 
temperatures (Table 4). The workpiece was heated up to 
300°C. The cutting forces and surface roughness of the 
machined surfaces were analysed for the selected 
temperature levels both in HCT as well as in HUAT. 
3. Experimental Results and Analysis 
3.1. Cutting Forces 
The cutting force data obtained in turning of 
Ti15V3Cr3Al3Sn alloy at 300°C for the tangential and 
radial components are shown in Figs. 5 and 6, 
respectively. The error bars represent the standard 
deviation of obtained experimental results, for each set 
of experimental conditions. 
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Table 4. Cutting conditions used in experiments 
Parameters Magnitude 
Cutting speed, ܸ (m/min) 10 
Depth of cut, ܽ௣(mm) 0.1, 0.2, 0.3, 0.4, 0.5 
Feed rate, t (mm/rev) 0.1 
Temperature, ܶ (°C) 20, 100, 200, 300 
Frequency, ݂ (kHz) 20 
Amplitude, ܽ (µm) 8 
 
A substantial reduction in tangential and radial 
components of forces was observed with the application 
of ultrasonic vibration on the cutting tool, as expected 
[14]. The force component in the feed direction (Fig. 1) 
was neglected in the analysis due to its lower 
magnitudes when compared to the main cutting 
components.  Thermal softening of the workpiece 
material further reduces the cutting forces. Results from 
experimentations shows that reduction in tangential 
component of cutting forces in HCT and HUAT at 300 
µm depth of cut and at 300°C is 21% and 49%, 
respectively, when compared to CT and UAT at room 
temperature. Similarly, the reduction in radial 
component of cutting forces in CT and UAT at 300°C is 
23% and 28%, respectively. Tables 5 and 6 show the 
tangential and radial components of cutting forces, 
respectively, at various cutting conditions. 
 
 
Fig. 5. Tangential component of cutting force at 300oC 
A reduction of 6% (from 98 N to 90 N) and 20% (25 
N to 20 N) in the tangential component of cutting force 
in HCT and HUAT, respectively, was observed at 100°C 
and 300 µm depth of cut (Table 5). Similarly, a 
reduction of 8% and 17% in radial component of cutting 
forces was observed for the same amount of heat 
(100°C) in HCT and HUAT, respectively (Table 6). A 
further reduction of 3% and 5% in tangential component 
of forces was observed, when temperature of the 
workpiece was further increased by 100°C in HCT and 
HUAT, respectively. Similarly, a decline of 9% and 11% 
in the radial component of cutting forces was observed 
for the same cutting conditions. The standard deviation 
of the results obtained during experimentations is also 
shown in Tables 5 and 6.  
 
 
Fig. 6. Radial component of cutting force at 300oC 
Table 5. Tangential components of forces 
Cutting speed ࢂ=10 m/min                          Frequency ࢌ = 20 kHz 
Feed rate ࢚ ൌ ૙Ǥ ૚ ࢓࢓Ȁ࢘ࢋ࢜                        Amplitude ࢇ = 8 µm 
Depth 
of 
cut,ܽ௣ 
(mm) 
CT 
(N) 
HCT  
(N) 
UAT 
(N) 
HUAT  
(N) 
20°C 100°C 200°C 20°C 100°C 200°C 
0.1 47±7 39±3 34±4 12±2 7±1 6±1 
0.2 69±4 63±6 58±6 20±1 13±1 10±1 
0.3 98±8 90±8 87±7 25±3 20±1 19±2 
0.4 124±8 121±10 117±8 35±3 27±2 23±2 
0.5 151±8 144±9 141±9 45±3 36±2 30±2 
Table 6. Radial components of forces 
Cutting speed ࢂ=10 m/min                         Frequency ࢌ = 20 kHz 
Feed rate ࢚ ൌ ૙Ǥ ૚ ࢓࢓Ȁ࢘ࢋ࢜                        Amplitude ࢇ = 8 µm 
Depth 
of 
cut,ܽ௣
(mm) 
CT 
(N) 
HCT  
(N) 
UAT 
(N) 
HUAT  
(N) 
20°C 100°C 200°C 20°C 100°C 200°C 
0.1 25±4 24±3 23±2 5±2 4±1 3±1 
0.2 40±7 35±3 28±2 8±1 7±1 6±1 
0.3 46±5 42±4 38±4 11±2 9±1 8±1 
0.4 54±5 47±5 41±5 14±2 12±1 11±1 
0.5 60±9 51±6 49±6 17±4 16±2 12±2 
 
Therefore, application of external heat is more 
effective in UAT when compared to CT. It is observed 
that the extent of reduction in cutting forces diminishes 
with an increase in depth of cut in HCT. A possible 
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reason may be excessive tool wear at elevated 
temperature; however, this needs to be verified in the 
future. Still, in HUAT a reduction in cutting-force 
magnitude was observed even at higher depth of cut.  
In hot machining, the reduction in cutting forces is 
mainly attributed to the decrease in yield strength of 
Ti15V3Cr3Al3Sn at elevated temperature [15]. 
However, the reduction in cutting forces in HUAT was 
higher, when compared to HCT. This may be an effect 
of ultrasonic softening in metals [16]. Furthermore, the 
material removal rate in HUAT is higher when 
compared to CT for the same depth of cut and cutting 
conditions [17]. As the cutting force on the tool is 47 N 
at 100 µm depth of cut, whereas, at 500 µm, the 
observed cutting force is 30 N in HUAT. Therefore, for 
the same level of cutting forces on the cutting tool, the 
material removal rate may be increased considerably, 
when compared to CT (Fig. 5). 
3.2. Surface Roughness 
In the present study, surface roughness was analysed 
for various values of temperature to investigate its effect 
on a machine surface in HCT and HUAT.  
A significant reduction in universally used centre line 
average (ܴ௔) was observed in UAT, when compared to 
CT. Zygo scans of the machined surfaces are shown in 
Fig. 7. A 48% improvement in the ܴ௔  value was 
observed in UAT when compared to CT for various 
cutting conditions. However, application of external heat 
(300°C) to the workpiece materials, further improves it 
(26%) when compared to UAT (Fig. 8). Application of 
external heat source makes the workpiece material 
‘softer’, facilitating easier chip flow relative to the tool 
surfaces, resulting in an overall improvement in the 
surface roughness of the machined specimen [18]. 
Therefore, reduction in the surface roughness was 
observed in HCT and HUAT when compared to CT and 
UAT, respectively. 
4. Conclusions 
In the study, a new hybrid machining technique – hot 
ultrasonically assisted turning (HUAT) – was used for 
the machining of β-Ti alloy to investigate the benefits of 
the machining process. This new technique offers better 
results in terms of cutting forces and surface roughness 
when compared to CT. The reduction in cutting forces in 
HUAT is higher than HCT when compared to UAT and 
CT, respectively, for the same amount of heat supplied 
to the workpiece materials. Therefore, application of 
external heat is more effective in UAT when compared 
to CT. 
Moreover, improvement in surface roughness was 
also observed in HCT and HUAT when compared to CT 
and UAT, respectively. 
 
 
Fig. 7. Zygo scan of typical surface after CT, UAT and HUAT at 
200oC 
 
Fig. 8. Surface roughness at various temperatures at cutting speed ܸ 
=10 m/min; depth of cut ܽ௣= 0.2 mm 
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